Background We investigated the hypotheses that mean population body mass index (BMI), systolic blood pressure (SBP), fasting plasma glucose (FPG), total cholesterol (TC) and the prevalence of type 2 diabetes (T2DM) are correlated with type 1 diabetes (T1DM) incidence rates.
Introduction
The incidence of both type 1 and type 2 diabetes is increasingly steadily. Whilst the increase in type 2 diabetes (T2DM) can be explained by an increase in unhealthy life-styles and in associated obesity, the reasons for the increase in type 1 diabetes (T1DM) incidence are largely unknown.
The rapid rise in the incidence of T1DM suggests that environmental factors are probably implicated. Interestingly, by studying human leucocyte antigens (HLA) protective and risk genotypes, Hermann et al. 1 have shown that the genetic contribution to the risk of T1DM has decreased over time, suggesting greater influence of environmental factors.
Unhealthy life-styles have been traditionally linked to T2DM. However, the parallel secular increase in incidence of both type 1 and type 2 diabetes, as well as recent evidence linking insulin resistance with T1DM 2 made us hypothesize that unhealthy lifestyle changes may also be implicated in T1DM.
We therefore performed an ecological study in order to investigate the relationship between the incidence of T1DM and available markers of population lifestyle-related parameters at a country level. The latter include population average body mass index (BMI), serum total cholesterol (TC), fasting plasma glucose (FPG), systolic and diastolic blood pressure as well as the prevalence of T2DM.
Methods
We used data from the World Health Organization Diabetes Mondial (DiaMond) project to obtain data about country incidence of T1DM and from the Global Burden of Metabolic Risk Factors Chronic Diseases Collaborating Sandro Vella, Consultant Diabetologist
Maureen Bezzina Sultana, Higher Specialist Trainee
Stephen Fava, Consultant Diabetologist Group (GMRCD) project to obtain data about population BMI, serum total cholesterol (TC), FPG and systolic blood pressure (SBP). All data were collected for the years 1990-1994.
DiaMond was designed to investigate and monitor trends in the worldwide incidence of T1DM among children aged 14 or younger.
3 Using a standardized approach to data collection and reporting, it captured population-based registry data between 1990 and 1994; 19 164 children were diagnosed with T1DM in the encompassing period. The total population of individuals aged 14 or less resident in participating countries/participating centre catchment areas amounted to 75.1 million. Incidence rates were calculated as per calendar year and 100 000 individuals at risk. 4 The GMRCD is a worldwide network of clinical and public health researchers which has created a unique online dataset capturing national and temporal trends in metabolic risk factors (BMI, SBP, TC , FPG and diabetes) using novel statistical methods.
5-8 Data were obtained from health examination surveys and epidemiology studies from 199 countries for adults aged 25 years and older between 1980 and 2008. It encompassed 786 country-years and 5.4 million participants for SBP, 321 country-years and 3.0 million individuals for TC and 960 country-years and 9.1 million participants for BMI and 30 country-years and 2.7 million participants for FPG and T2DM. A Bayesian hierarchical model was used to estimate mean BMI, SBP, TC and FPG, and their respective uncertainties for each gender, stratified by age, country and year, accounting for whether a study was representative of national, subnational or regional data. Based on this data, we extracted mean (standard deviation) values for the years under review.
In our analysis of DiaMond derived data, we pooled all the individual centre data for each country participating in both the GMRCD initiative and the DiaMond project, deriving mean % incidence rates for T1DM, mean % prevalence rates for T2DM and mean values for each metabolic risk factor for the years 1990-1994, both included.
Statistical methods
Spearman's rank correlation and significance analyses using the two-sided p value were used to correlate gender-specific mean BMI, SBP, TC and FPG with incidence rates for T1DM among children aged 14 years and younger. Statistical significance was defined as a P value of <0.05. A multiple regression analysis based on the ordinary least squares method (R module) using T1DM incidence rates as the dependent variable and individual risk factors as the independent variables was run to determine the relative contribution of each metabolic risk profile in determining the risk for T1DM. Multiple regression included only those covariates passing the univariate screening (P < 0.1). The Statistical Package for Social Sciences (SPSS) version 22.0 was used for statistical analysis.
Results
Data were available for 49 countries spread across all continents (Supplementary Table 1 ). Table 1 The results of our correlation analyses are outlined in Table 2 . As expected, there was a strong significant correlation in T1DM incidence rates between boys and girls (r s = 0.959, P < 0.001). Similarly, T2DM prevalence rates correlated between men and women (r s = 0.904, P < 0.001). The mean incidence rate for T1DM in boys was significantly correlated with mean BMI in men (r s = 0.631, P < 0.001) (Fig. 1A) , mean SBP in men (r s = 0.332, P = 0.021) (Fig. 1B ) and mean TC in men (r s = 0.787, P < 0.001) Prevalence expressed per 100 000 population.
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( Fig. 1C ) and women (r s = 0.740, P < 0.001) (Fig. 1D ). We also correlated mean incidence rates for T1DM in girls, reporting significant associations with mean BMI in men (r s = 0.624, P < 0.001) (Fig. 1A) , mean SBP in men (r s = 0.393, P = 0.006) (Fig. 1B) , mean TC in men (r s = 0.784, P < 0.001) ( Fig. 1C ) and mean TC in women ( Fig. 1D ) (r s = 0.734, P < 0.001). There were no significant correlations of T1DM incidence rates with mean prevalent FPG levels for either gender, although this relationship was confirmed, as expected, for T2DM patients (r s = 0.681, P < 0. Table 3 summarizes the results of multiple regression models predicting T1DM development in boys and girls. Mean TC concentration emerged as a significant independent predictor for T1DM in boys, unlike BMI and mean prevalent SBP (F [3, 44] = 11.129, P < 0.001, adjusted R 2 = 0.393). Likewise, mean TC concentration emerged as the only significant predictor of T1DM incidence for girls (F [3, 44] = 10.287, P < 0.001, adjusted R 2 = 0.372).
Discussion
Main findings of this study
To our knowledge, this is the first study investigating the relationship between biochemical and anthropometric markers of health-related lifestyle and the incidence of T1DM at a population level. Our data show a very strong association between population cholesterol levels and the incidence of T1DM. The results were internally consistent, with the incidence of T1DM in both boys and girls significantly correlated to the mean population TC in men as well as to that in women. The r s values we obtained were all in excess of 0.7. Furthermore, the association of the incidence of type 1 diabetes with mean male or female population cholesterol remained significant in multivariate regression. The strength and consistency of these findings increase their validity.
What is already known about this topic
A relation of population cholesterol with risk of biochemical atopy (measured as IgE) has been described. 9 These findings support our hypothesis that lifestyle factors may affect the risk of T1DM. Population cholesterol level may be a marker of an unhealthy lifestyle of that population. However, it is also possible to explain our results by a direct immunomodulatory effect of cholesterol, since cholesterol in offspring has been show to correlate strongly to that in their parents. 10 Serum cholesterol has been estimated to have a heritability of around 0.5. 11, 12 Furthermore dietary habits in childhood are closely linked to those in adults. Cholesterol also shows tracking from childhood into adulthood. 13, 14 Furthermore high fat maternal diet during pregnancy has reported to programme the foetus to develop hypercholesterolaemia in mice. 15 Higher adult population cholesterol levels are therefore likely to be associated with higher population cholesterol levels in children.
High cholesterol may predispose to Th1 response. 16 Type 1 diabetes is a Th1-mediated disease and a shift towards Th2 may suppress its development. 17 Cholesterol may also have direct effects on the β-cell, including reduction in function 18 and increased apoptosis. 19, 20 Interestingly, the cholesterollowering drugs statins have been shown to protect against T1DM in animal models 21 and to help preserve β-cell function in humans with early T1DM. 22 Statins have also been shown to shift the balance of T-helper cells (Th) from Th1 to Th2. 23 Such immunomodulation may be mediated through lowering of cholesterol or of isoprenoids. Statins work by inhibiting the enzyme hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase, which is the rate-limiting step in cholesterol synthesis. HMG-CoA reductase is also important in the production of isoprenoids, which also have immunomodulatory effects. Pharmacological inhibition of HMG-CoA reductase has been reported to cause isoprenoid depletion, which in turn favours a Th2 over a Th1 response. 24 A high serum cholesterol may also be a marker of a high dietary ω6: ω3 polyunsaturated fatty acid ratio, 25 which can also predispose to cytokine induced beta-cell destruction. 
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High maternal cholesterol during pregnancy has also been shown to impair foetal pancreatic β-cell development 27, 28 and function, 29 possibly mediated through impaired islet vascularization. 28, 30 Another possibility is that serum TC is a marker of apolipoprotein CIII, since the two have been shown to be strongly and positively correlated. 31 Apolipoprotein CIII has been shown to promote pancreatic β-cell death and that its reduction may delay the onset of type 1 diabetes. 32 Furthermore susceptibility to type 1 diabetes has been linked to apolipoprotein CIII gene haplotypes. 33 We also found a significant negative correlation of T1DM incidence in both boys and girls with the incidence of T2DM in both men and women in univariate analysis. Incidence of type 1 diabetes in boys and girls was also significantly and positively correlated with mean BMI and mean SBP in men, but not in women. The reasons for these findings are not clear. However it has been suggested that type 1 and type 2 diabetes result from polar opposite responses to inflammation, possibly determined by the magnitude of cortisol response. 34 However, our data do not support the hypothesis that the negative correlation between type 1 and type 2 diabetes is mediated through an inverse relationship between obesity and type 1 diabetes rates as described by Classen et al. 35 The positive correlation of type 1 diabetes and BMI in our study replicates what has been reported in Finland, 36 and is consistent with the increasing worldwide prevalence of both type 1 diabetes and obesity and with frequent occurrence of both condition in the same individual. 37 Our data suggest that there are environmental and/or genetic factors which predispose to type 1 diabetes and protect against type 2 diabetes and vice versa, and that these factors are unrelated to BMI. One such factor might include consumption of dairy products, which has been reported to be associated with increased risk of type 1 diabetes and reduced risk of type 2 diabetes. Other factors are probably implicated. This warrants further study.
The risk of type 1 diabetes has been shown to increase with increased affluence and higher social class. Total cholesterol has been shown to be affected by socio-economic status, with most 15, [38] [39] [40] [41] [42] authors reporting it to be higher in those with lower socio-economic status. Therefore the association we observed between country mean cholesterol and type 1 diabetes cannot be explained by the former acting as a marker of socio-economic status as otherwise the association would have been in the opposite direction. Furthermore socio-economic status is unlikely to have a direct effect on type 1 diabetes risk. Possible mediatory mechanisms include lack of bacterial exposure, 43 exposure to pollutants and lifestyle factors such as high cholesterol.
What this study adds
Our data show a strong and independent correlation of T1DM incidence in both boys and girls with average population cholesterol. Whilst there are many possible explanations to this finding, the possibility of a direct immunomodulatory effect of cholesterol is attractive as it raises the possibility that lifestyle changes might help to reduce the risk of type 1 diabetes. It might also help explain the increasing prevalence of type 1 diabetes. We also found a positive association to BMI and systolic blood pressure in men in univariate analyses, as well as negative association with incidence of type 2 diabetes in both men and women.
Limitations of this study
This study compares different datasets (mean values for FPG and other components of the metabolic syndrome, mean prevalence rates for T2DM versus new cases of Boys: R 2 = 0.431, adjusted R 2 = 0.393, P < 0.001; Girls: R 2 = 0.412, adjusted R 2 = 0.372, P < 0.001.
T1DM expressed per 100 000 cases per year). To our knowledge, DiaMond and GMRCD constitute the only available global datasets in this field. The reliability of the results of our study is dependent on the reliability of DiaMond and GMRCD data. Both datasets report the use of robust data capture methods. DiaMond ascertained completeness of their registry data by adopting a capture-recapture method in most centres. Similarly, GMRCD adopted a validated technique designed to investigate trends (including a quantification of uncertainty of such estimates) for major metabolic risk factors stratified by gender, age and country/ region. Although there may be regional differences in the accuracy of data collection, the robustness of the methodologies of both studies makes this less likely. We were constrained to pool individual centre data into national prevalence/incidence on account of a lack of concordance of data centres between the two datasets. Although we recognize that prevalence and incidence rates are likely to exhibit regional variation, DiaMond captured data from multiple regions, enabling a calculation of national mean incidence rates. We therefore feel that our analyses are valid. Furthermore, this methodology has been adopted by other authors in this field.
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Conclusion
Our data may explain, at least in part, the increasing incidence of T1DM in many countries. Whilst causal relationships cannot be inferred, the finding that incidence of T1DM is related to modifiable factors is an attractive one and merits further study.
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Supplementary data are available at the PUBMED online.
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